In some experiments, we used a similar more slowly in visual compared to somatosensory cortex, possibly reflecting differences in the capacity for transgenic mouse line in which a much larger fraction of the same neuronal subtypes are labeled (line YFP-H) experience-dependent plasticity in these brain regions.
imaging (Trachtenberg et al., 2002). How does spine
Age-Dependent Regulation of Spine Plasticity stability change with developmental age? To begin to and Stability in the Adult Brain address this question, we performed chronic imaging Could spine plasticity be regulated by age even in experiments in developing S1 spanning the third and the adult brain? To answer this question, we imaged the fourth postnatal week. These experiments are compliapical dendritic arbors of individual L5B neurons in the cated by the developmental regulation of expression of S1 cortex of mature adult (age 6 Figure 1B) . Over the time DC1/). These spines were usually thin, as judged by their course of the experiment, the field of view became low fluorescence level, compared to bright mushroom crowded with dendrites and axons that began to exspines on the same dendrites, which tended to persist press YFP at later time points ( Figures 1A and 1B) . We ( Figure 2B ). Spine densities and daily turnover ratios focused our analysis on dendritic segments that were (TOR, the fraction of spines appearing and disappearing separated from neighboring branches and could be from day to day) were constant over time ( For 6-month-old mice, the SF revealed that spines rather, at young ages (PND 16) more than 30% of the that ultimately disappeared lasted at most a few days spines disappeared, while 25% appeared, between imafter they were formed ( ϭ 1.9 days; Figures 2E and aging sessions from one day to the next ( Figures 1C  6A) . We defined spines that persisted for four days or and 1D). This resulted in a gradual decrease in the spine less as "transient" spines. Spines that persisted for 8 density (to 0.30 Ϯ 0.08 m Ϫ1 at PND 26) ( Figure 1E ). days or more are "persistent" spines. Although addition A similar decrease in spine density was observed in and subtraction of persistent spines was observed (Figmeasurements from naive perfusion-fixed tissue derived ure 2G), these events were rare; spines that survived for from YFP-H mice (0.44 Ϯ 0.10 m Ϫ1 , PND 16-18, n ϭ more than 8 days were highly likely (93%) to persist for 10; 0.32 Ϯ 0.02 m Ϫ1 , PND 25-33, n ϭ 3; indistinguishthe rest of the imaging session, more than 3 weeks able from the decrease seen in vivo; analysis of covari-( Figure 6A ). We further imaged two mice for over 3 ance). This implies that the developmental decrease in months with longer sampling intervals. These experispine density was not due to chronic imaging or develments confirmed that spines that persisted for 8 days opmental changes in detection efficiency of small were highly likely to persist for 3 months ( Figure 2F ). spines. Rates of spine retraction and addition in vivo Under conditions of constant sensory experience, trandecreased with developmental age at different rates, so sient and persistent spines therefore constitute largely that at 4 weeks of age addition and subtraction were distinct populations. balanced ( Figure 1D ). Thereafter, spine densities were In 6-month-old mice, the fraction of transient spines relatively stable (Trachtenberg et al., 2002 We further imaged dendritic spines in mice at an intermediate age (3 months; n ϭ 7; 2287 spines). At this age, the fraction and density of transient spines (24.2% Ϯ 6.5%; n ϭ 7), as well as the fraction of persistent spines (66.4% Ϯ 11.5%; n ϭ 3), were intermediate ( Figures 6A  and 6B ), indicating that spine stability increases gradually with age. Comparing structural plasticity in VC and S1 is complicated by the fact that different populations of neurons tend to be labeled in VC and S1 ( Figures 3A-3D ). This can be easily visualized in coronal sections from YFP-H animals ( Figures 3C and 3D ). In S1, the majority of brightly labeled cells are in L5B ( Figure 3D Time-lapse imaging studies in the VC of 3-to 6-monthold mice (n ϭ 6; 1092 spines) revealed that a subpopula- tion of spines appeared and disappeared from day to 0.05). However, this difference disappeared over longer intervals: the survival fraction for more than 16 days day ( Figure 4B ), while spine densities were stable ( Figure  4C ). These data are qualitatively similar to the data from was not significantly different (VC, 75.8% Ϯ 1.5%; S1, 68.5% Ϯ 6.1%; p Ͼ 0.05; cf. Figures 2E and 4E; Figure  S1 ( Figure 2B ). However, the rate of spine addition and subtraction was significantly lower in VC than in S1 6A) and was also lower than previously reported (Grutzendler et al., 2002). These data imply that spines turn (TORs: VC, 5.7% Ϯ 1.1%, n ϭ 4; S1, 15.4% Ϯ 1.6%, n ϭ 5; p Ͻ 0.001) (cf. Figures 2D and 4D ). The fraction of over more rapidly in S1 than VC, but that long-term persistence is not significantly different in VC than in S1. transient spines (lifetimes Յ 4 days) was also lower in VC than in S1 (11.7% Ϯ 5.9%, n ϭ 6 versus 21.4% Ϯ Similar to S1, the spine densities in VC varied greatly from cell to cell (range 0.15-0.38 m Ϫ1 ), and so did the 4.3%, n ϭ 5; p Ͻ 0.05) (cf. Figures 2E and 4E) Figure 6C ), so that the density of transient spines was independent of the total Similarly, the fraction of VC spines that were persistent over 8 days was significantly higher than in that S1 spine density (data not shown). This suggests that the potential for structural spine plasticity is constant per (78.9% Ϯ 4.4%, n ϭ 4 versus 72.5% Ϯ 2.6%, n ϭ 5; p Ͻ rameters are difficult to estimate by measuring distances alone. To classify spines, we use as a measure A subpopulation of spines appeared and disappeared between imaging sessions. We detected small quantitaof spine size the integrated fluorescence intensity generated by spines projecting laterally from dendrites ("spine tive differences between L5B and L2/3 (cf. Figures 5D  and 2E ). To compare L5B and L2/3 cells, we grouped brightness"). Assuming homogeneous filling of the cytoplasm with fluorescent protein, the spine brightness is all animals that were 3 months or older for both cell types (n ϭ 12 for L5B in S1; n ϭ 5 for L2/3 in S1). , and spine brightness increased monotonically with volume ( Figure 7A, right) . Curiously, spine brightness was more closely proportional to spine surface area rather than spine volume (line in Figure  7A , right). This scaling relationship may be related to different fractions of excluded volume in spines of different sizes, perhaps because of volume occupied by the spine apparatus and other organelles (Spacek, 1985) , or affinity of fluorescent proteins for spine membranes. Nevertheless, it is clear that spine brightness is a good measure of spine size.
Spine Plasticity and Stability in the Visual
In a representative sample of spines imaged in vivo (Experimental Procedures), we characterized spine morphologies by plotting spine brightness against spine length ( Figure 7B ). Spine brightness varied by two orders of magnitude, reflecting the heterogeneity of spine sizes. Correlating morphology with dynamics measured in vivo revealed that the majority of spines that turned over had small volumes; many were long and thin ( Figure 7B, left) . However, this distinction was not absolute, since some thin spines persisted for extended periods ( Figure 2G , green arrowhead). Comparing morphologies from S1 and VC further revealed that long, thin spines (spine length Ͼ 1.5 m; rel. spine brightness Ͻ 0.4) were more likely to occur in S1 than in the VC (17% Ϯ 3% in S1 versus 9% Ϯ 2% in VC; p Ͻ 0.05; binomial statistics; Figure 7B ).
We measured the time course of spine brightness of a subset of transient spines and compared them with persistent spines on the same dendrite ( Figure 7D, left) . Transient spines remained thin (dim) over the entire period of their existence, while persistent spines were consistently thick (bright). The lengths of transient spines were dynamic, possibly indicating that they were in a mode of growth ( Figure 7D, right) , while the length of persistent spines was relatively constant. These observations lend support to the notion that transient and persistent spines constitute largely independent populations and that there is little interchange between them under our experimental conditions. We tested if the small volume spines associated with high turnover are also observed in tissue that had not been previously imaged in vivo. The morphologies of spines imaged in vivo were compared to spines imaged , 2002) , a fraction of spines appeared and disappeared over timescales of days. The other spines persisted for weeks, and this persistent fraction grew gradually during development and in the adult, providing evidence that synaptic circuits continue to stabilize even in the mature brain. In the visual cortex, spines were found to turn over more slowly than in the primary somatosensory cortex (S1). Figures 1 and 2) . ported to increase in L5 neurons in visual cortex over the third and fourth week of life (Juraska, 1982) . These activated may be independent of spine size (Nimchinsky results are also not inconsistent with our studies in S1, et al., 2004). Based on these studies (all in the hippocamsince V1 develops later than S1 (Fox, 1995) , and the pus), it appears that small spines will tend to produce developmental differences in spine pruning in these large NMDA-R-but small AMPA-R-mediated currents brain areas likely reflect this fact. 
Persistent and Transient Spines in the Neocortex

